and forest owners and managers are now voicing a new demand for silvicultural models.
In the last decade several studies on the development, growth and structure of this species have been conducted in Spain, e.g., by García Güemes (1999) , Cañadas (2000) , Calama and Montero (2004 , Bravo-Oviedo and Montero (2005) and Montes et al. (2006) . However, these studies mainly concern other Pinus pinea areas in Spain, with the exception of the Calama and Montero (2005) study, in which the authors develop a model to predict diameter increment for stone pine trees throughout Spain. Concerning site index curves, Piqué (2003) developed a model for Catalonia, while the model proposed by Calama et al. (2003) is valid for all of Spain.
Pinus pinea stands in Catalonia present special characteristics that are quite different from other forest areas of this species, e.g., very high densities, wide variability of stand structures and the common presence of an understory layer of Quercus sp. and other Mediterranean shrubs (Piqué, 2004; DGCN, 2005) . Most of the Pinus pinea forests are natural or naturalized. Many of them are located on former vineyards ruined by phylloxera between the end of the 19 th century and the beginning of the 20 th century, or on former cropland abandoned in the wake of industrialization. Practically 100% of forests are privately owned, with multiple, piecemeal ownership and a varied degree of forest management. Forest stands usually present even-aged structures with a rotation of approximately 80 years, depending on site index, and are regenerated by uniformshelterwood method. The number of thinning along the rotation can vary from 1 to 3 and pruning is not especially generalized. Although in practice selection cutting with diametrical criteria is fairly widespread. Importantly, there is not enough regeneration in most of the forests (Piqué, 2004) . Average species growth is around 3 m 3 /ha · year (DGCN, 2005) and timber destination depends on tree size and quality. Nowadays main use is industrial packing with an industria-side timber price of around 45 €/m 3 for diameter class > 25 cm (DIBA, 2010) . The annual harvesting volume is around 23,000 m 3 for -2008 period (DMA, 2009 ). Against this background, an analysis of Pinus pinea forest types is required concerning their production and yield, so as to draw up forest management guidelines and make better use of the forests. The implementation of yield models should allow more sustainable management of Pinus pinea forests and the production of both timber and pine nuts. Proper management of this species should also help to improve landscape value and achieve better prevention of forest fires.
Empirical growth and yield models are practical tools in forest management and have been widely used for the prediction of future volume and discussion of management options (Vanclay, 1994; Falcao and Borges, 2005) . They can be grouped into three types of model: whole-stand models, size-class models and individual tree models (Gadow and Hui, 1999) . Individual-tree growth models provide more detailed information than is available from other modelling approaches, and usually perform better than whole-stand models for short-term projections (Burkhart, 2003) . For forest management planning, however, standard forest inventories do not usually provide the data required by individual-tree models. At least for even-aged, single-species stands, whole-stand models are an attractive alternative, directly projecting information readily obtained from the inventory data. Whole-stand models represent a good compromise between general applicability and accuracy of estimates (García, 2003) .
The simplest whole-stand models are yield models. They are easy to comprehend and use by forest managers, and are functional tools to guide forest management and estimate productions. They are static models, usually presented in tables that estimate the evolution of the main dasometric variables for a pure even-aged stand of a particular area or region and for different site quality classes and silvicultural regimes. There are yield tables for Pinus pinea in other regions (Castellani, 1989; García Güemes, 1999; Cañadas, 2000; Calama and Montero, 2005) , but there is no information on the widespread Pinus pinea forests in Catalonia.
Whole-stand models usually provide rather limited information on the future stand (Vanclay, 1994) . As forest management decisions require more detailed information on stand structure and volume distributed by diameter class, whole-stand models can be disaggregated mathematically using a diameter distribution function. Similar approaches have been used by Burk and Burkhart (1984) , Knoebel et al. (1986) , Río and Montero (2001) , Diéguez-Aranda et al. (2006) and Castedo-Dorado et al. (2007) in the development of forest growth models.
The objective of this study was to construct a yield model to provide information on wood production for different ages, site qualities and management options. First, we developed a static yield model for low and high stand densities using a system of interdependent, compatible equations to propose silvicultural options 4 M. Pique-Nicolau et al. / Forest Systems (2011) 20(1), 3-20 for managing Pinus pinea stands. Second, we estimated the diameter distribution of stands in order to describe their structure and obtain information on number of trees per hectare and diameter class. This would be useful in the future to link information at tree level, such as crown development or fruit production.
Material and methods

Data
The data used for this study come from a network of 75 temporary plots located in the principal distribution area of the species in north-east Spain (Fig. 1) . Before plot installation careful prospecting was done with the objective of identifying Pinus pinea types and their main structural characteristics. Plots were installed covering a wide range of ages, site qualities and stand densities of pure even-aged forests.
The plots were circular and of ranging radius so that they always included 20 trees. Positions of all trees were recorded using angles and distances from the plot centre. Variables measured for each tree were: diameter at breast height, total height and crown diameter and height. In each plot, the five trees nearest to the centre were identified and cores were taken to measure their age, growth and bark thickness. Tree volume was estimated using the equation developed by Martínez-Millán et al. (1993) for this species:
where Vu is tree volume with bark (dm 3 ), d tree diameter at breast height (cm) and h total tree height (m).
Site index was estimated for each plot using the site index model for stone pine in this region (Piqué, 2003) . This model was developed with data from stem analysis, using the Algebraic Difference Approach (ADA) and the Bailey-Clutter function (Bailey and Clutter, 1974) , with the following expression [2] where H 1 and H 2 are the dominant heights (m) at ages t 1 (years) and t 2 (years). Dominant diameter and dominant height were calculated as the mean value of the 20% thickest trees per plot. This model estimates the site index (H 2 for a reference age of t 2 ) and the dominant height growth when a height-age pair is available (H 1 , t 1 ). Site index curves for Catalonia represent dominant height development for site indices 21, 17, 13 and 9 m at a reference age of 100 years.
A broad range of stand structures was observed, caused mainly by different silvicultural treatments. After data exploration, plots were therefore assigned to two density groups according to basal area and Reineke's stand density index. These indices were chosen as they are a satisfactory measure of stand density and easy to calculate (Curtis, 1970; Avery and Burkhart, 2002) . Also, the Reineke index allows comparison of stand density of forests with different mean diameters and site indices (Daniel et al., 1982) . The
Modelling silviculture alternatives for managing Pinus pinea L. in North-East Spain 5 Figure 1 . Distribution of Pinus pinea L. in Catalonia (grey area) and location of temporary plots (black points).
classification criterion was a combination of the two indices, resulting in two types of forest: low density (LD), with Reineke index < 450 and/or basal area < 25 m 2 /ha, and high density (HD), with Reineke index > 450 and/or basal area > 25 m 2 /ha, representing 40 and 35 temporary plots respectively, and covering a similar broad range of ages and site qualities (Table 1 ).
Stand level model
Given the type of available data (only one measurement) and the advantages of the whole-stand models, i.e., their practical nature and their use of variables that are easy to measure, in the present study we elected to construct static yield models.
The stand yield models structure proposed by Rojo and Montero (1996) and Madrigal et al. (1999) was used for the construction of Pinus pinea yield models. The method is based on five static functions that relate different stand variables, in which the dependent variables are dominant height, mean height, number of trees per hectare, quadratic mean diameter and stand volume. This system of equations was fitted for both stand types, namely low and high density stands.
The first function is the site index model (Eq. [2]), which estimates the dominant height development for each site index [H 0 = f (t, SI)], common for the two types. The second function (Eq. [3]) predicts the mean height (H m ) from dominant height (H 0 ) through a linear model:
Several functions widely used in yield tables collected in Rojo and Montero (1996) were tested to estimate the stand density (N, trees/ha), including as independent variables the dominant height in metres (H 0 ), mean height in metres (H m ) and/or stand age in years (t):
[4]
[5]
[6] [7] [8]
[9]
The models tested to estimate the quadratic mean diameter (D g , in metres) depend on dominant height and stand density. Four models were tested (Rojo and Montero, 1996; García Güemes, 1999) : [11]
[12]
[13]
Finally, the total volume per hectare (V, in m 3 /ha) was estimated from H 0 , N and D g . The following functions were compared: [14] [15] [16] where G is the basal area in m 2 /ha and a 0 , a 1 , a 2 and a 3 are parameters to be estimated for each function and type of stand density.
In the first step, each function was fitted independently following ordinary linear and non-linear least-squares regression and the best model for each dependent variable was selected according to the evaluation criteria shown in Table 2 . The system of equations consisted of mean height, number of trees, mean quadratic diameter and volume equations in a recursive system with a clear sequential relation. When the models are used, some variables do not take their real values but instead take the predicted values estimated from another previous function of the system. The variables on the left are endogenous (H m , N, D g , V) and the others are exogenous (H 0 , t). The endogenous variables can be on both sides of the equations (right and left), in this case the variables N and D g , and there can be a cross-equation correlation between error components. Ordinary least-squares regression does not consider this correlation, resulting in biased and inconsistent parameter estimations (Borders and Bailey, 1986; Borders, 1989) . Therefore, in a second step the system of equations was fitted simultaneously by a three-stage least-squares method, using N3SLS techniques (Hasenauer et al., 1998; Fang et al., 2001; Huang, 2002) .
Diameter distributions
The distribution function used to obtain diameter distributions was the Weibull function, chosen for its flexibility and good results when describing diameter
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distributions of even-aged stands (Bailey and Dell, 1973; Cao, 2004) , including stone pine stands in central Spain (García Güemes, 1999) . The expression of the Weibull distribution function of three parameters applied to diameter distribution with a diameter class of 5 cm is:
where nCD i is the number of trees per hectare in the diameter class i, CD i the value of the diametrical class in cm, N the number of total trees per hectare and a 0 , a 1 , a 2 are the parameters of the Weibull function respectively related to location, scale and shape of the distribution. Among the different methods that can be used to estimate the parameters of the Weibull function the parameter recovery approach with the method of moments was selected. The parameter recovery method has been found to give better results than the parameter prediction method (Reynolds et al., 1988) , and it is especially robust when the parameters are recovered from the moments of the distribution (Vanclay, 1994) . The method of moments provides distributions close to the real distributions (Shiver, 1988; Leujene, 1994) and allows compatibility between the basal area obtained from the diameter distribution and from the stand model, a desirable property for yield models (Matney and Sullivan, 1982; Hynk and Moser, 1983) .
In this work the algorithm proposed by Burk and Burkhart (1984) , which is based on the first moments of the diameter distribution (arithmetic and quadratic mean diameter), was used to estimate parameters a 1 and a 2 of the Weibull function, assuming location parameter a 0 to be known. The authors proposed estimating parameter a 0 as half the minimum diameter observed in the diametrical distribution. The variables minimum diameter (D min ) and mean diameter (D m ) were thus required to estimate diameter distribution with this method, so linear models were fitted testing different stand variables (t, H 0, H m , N, D g , G) or stand variable combinations as independent variables, as proposed by Matney and Sullivan (1982) and Río and Montero (2001) to obtain D min and D m . These models were fitted separately for LD and HD stands. The model fitting was carried out using linear regression.
Model performance evaluation
The assessment and selection of models was based on fitting statistics, residual analysis and biological realism and graphical behaviour. The fits were evaluated on six model performance criteria (Table 2) .
The model behaviour was evaluated on the basis of practical experience, silviculture and ecology literature for the studied species (García Güemes, 1999; Cañadas, 2000; Montero and Cañellas, 2000; Ruiz de la Torre, 2006; Montero et al., 2008) . As independent data were not available, statistical validation was not possible.
Silviculture scenarios
For both low and high density stand types, two silviculture scenarios were simulated, resulting in four silviculture options. In one scenario, which we call «ob-served silviculture», the density evolution was given by the adjusted functions (Eq. [20] and [20'] ). In the other one, «oriented or reference silviculture», the evolution of the number of trees per hectare was decided theoretically on the basis of practical experience and literature on Pinus pinea forest management, which usually recommends 3-4 thinning every 10-15 years, intense thinning from below at 10-15 years old and, in advanced stages, from below and above of moderate intensity (Cantiani y Scotti, 1988; Castellani, 1989; Montero y Candela, 1998; García Güemes, 1999; Montero et al., 2008) . The stand variables for each scenario were predicted at intervals of 10 years using the fitted functions of the stand level model. Every 10 years a thinning operation was simulated in each silviculture scenario. The thinning intensity at age t i (number of trees per hectare removed by thinning) was calculated by subtracting the stand density at age t i+10 from that at age t i . The type of thinning was defined by the v e /v coefficient, equal to the ratio of the mean tree volume of the removed crop (v e ) and the mean tree volume before the thinning (v). The values for this coefficient were calculated first for heavy thinning from below and later for a combination of thinning from below and above, simulating the thinning from the predicted diameter distribution and the number of trees removed at each age t i .
The accumulated removed volume (V acum ) was calculated as the sum of all the volumes removed in thinnings and the total volume (V t ) as the sum of the stand volume and the accumulated removed volume. Mean annual volume increment (MAI) was determined as the ratio of the total volume to age (t). The annual current increment (CAI) of the last 10 years with respect to age (t) was obtained from the relation:
Results Tables 3 and 4 show, for LD and HD stands, the best models and their fitting statistics for each dependent variable, when fitting each function independently.
Stand level models
When the selected models were f itted simultaneously using N3SLS, the following functions were obtained for LD and HD Pinus pinea stands, respectively: Tables 5 and 6 show the parameter estimates of the system of equations, along with their fitting statistics.
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In general, the statistics are good for both LD and HD stands, although the model efficiency was rather low for the density equations, mainly in the HD type. For the other variables the model efficiency was always higher than 0.89. Figures 2 and 3 show that the dispersion of residuals is fairly homogenous and so apparent problems of heterocedasticity are not detected for H m , D g and V models. However, there is some bias in the N model predictions and a greater dispersion of data than in the other models. In LD stands the largest errors for N predicted values were greater than 500 trees/ha. These densities correspond mainly to the youngest stands (less than 20 years old), usually plantations, which presented high densities but a low basal area and Reineke index. Similar results were found for HD stands, with the largest errors for densities above 1,300 trees/ha, also corresponding to young stands (about 20 years old).
Diameter distributions
The models selected for predicting the minimum and mean diameters (D min and D m ) depend only on quadratic mean diameter, with the exception of the model of D m in high density stands, where the ratio of dominant height to quadratic mean diameter was also included (Tables 5 and 6) :
M. Pique-Nicolau et al. / Forest Systems (2011) 20 (1), 3-20 Abbreviations as in Table 2 . All the parameters are significant at an α level of 5%. In parenthesis approximate standard error. 
[24'] Models efficiencies were very high for D m equations (0.99) and for D min they were about 0.7 (Tables 5 and 6 ).
Silviculture scenarios for LD and HD Pinus pinea forests
Yield models for «observed silviculture»
In this case, the evolution of the main stand variables is given by the functions obtained in the stand yield model, which reflect the inventoried stands. The thinning simulation for Pinus pinea forests considers heavy thinning from below when the stands are young and moderate thinning (which can also affect dominant trees) at older ages (Fig. 4) . The coefficient v e /v obtained by the analysis of the evolution of diameter distributions oscillates between 0.7 and approximately 0.85 for all quality sites in the LD type, while for the HD forests it ranged between 0.6 and 0.8 (Table 7) .
Yield models for «reference silviculture»
In this silviculture scenario the evolution of stand density was decided based on experience and the literature on silviculture and management of Pinus pinea forests, taking into account that density depends on stand site index, production objective and type and number of thinnings. Table 8 of reference decided at age 10 years and at age 100 years (approximate rotation age) and the observed densities obtained from the yield models at the same ages («observed silviculture»).
In both LD and HD stands, proposed initial densities are lower than those presented in the «observed silviculture», although the densities proposed at the end of rotation are very similar. The other stand variables were estimated using the corresponding equations of the stand yield model (H m , D g and V) .
The type of thinning and the procedure to simulate the thinnings were the same as in the «observed silviculture»: intense thinning first from below and later, in advanced stages, from below and above, of moderate intensity. For the LD types the coefficients v e /v oscillate between 0.85 and 0.95 for all qualities, and in the HD forests these range between 0.8 and 0.9 (Table 7) .
Yield tables for Pinus pinea L. in Catalonia were constructed using the yield models obtained, models of diameter distributions and the adopted coefficients v e /v, as a basis for the simulation of the extracted volume and total productions throughout the rotation. Yield tables vary with site index (four qualities), LD and HD stand types and silviculture scenarios, with a total of 16 combinations. Tables 9 to 12 show some examples of «observed and reference silviculture» for LD and HD stands of site index 17 m at a reference age of 100 years. The yield tables incorporate the diameter distributions of the stands before thinning, which provide an accurate picture of stand structure and its time course.
Discussion
Yield model
A stand yield model that also provides diameter distributions was developed for low and high density Pinus pinea stands in Catalonia. The structure of the stand yield model is similar to that of yield tables, formed by a system of interdependent equations. Most of the yield tables were drawn up using ordinary linear and non-linear least-squares regression (Madrigal et al., 1999; Montero et al., 2001) , but the use of a threestage least-squares method (3SLS and N3SLS) is more suitable for fitting a simultaneous system of equations, giving more consistent parameter estimates (Borders and Bailey, 1986) . Also, a good fit of each component independently does not necessarily imply a good fit and behaviour of the overall model (Huang, 2002) . This method has also been applied in stand yield and growth models that use other structures, but with interdependent equations, such as the models for other pine species in Spain of Palahí et al. (2002) or Bravo-Oviedo et al. (2004) .
The density model proved the most difficult to estimate, with a poor coefficient of determination (Tables  5 and 6 ), probably due to a small number of plots in young stands, some coming from plantations, where the variability of the number of trees per hectare is higher. However, the identification of two types of Pinus pinea stands, low and high density, enable us to reduce the data variability used in each model, giving good predictions of other stand variables and consequently providing a better description of the observed stands.
The models show well-known differences between parameter evolution in LD and HD stands and the influence of site index. HD forests present greater volumes than the LD forests, although their tree diameters are smaller. The best qualities offer greater increases in height, diameter, basal area and volume, mainly in the young stages.
The maximum mean volume growth varied according to site index from 0.9 to 5.1 m 3 /ha · year for LD forests and from 2.0 to 10.3 m 3 /ha · year for HD forests, values somewhat higher than those obtained by Montero et al. (2008) . For both stand types the maximum current growth takes place at very young ages, between 20 and 30 years in the best qualities. This growth pattern is typical of this species, as reported elsewhere (Cascio, 1969; Baroni, 1973; La Marca, 1989 , Montero et al., 2008 .
The disaggregation system of the yield model depends only on the quadratic mean diameter and dominant height, so diameter distributions are easily estimated for each stand stage. The diameter distributions obtained through the Weibull function calculated using the real values of D min , D m and D g were very similar to those estimated using the predicted values of these diameters, and also similar to the real diameter distribution (Fig. 5) . The parameter recovery approach to disaggregate stand yield and growth models also gives good results for estimating stand structures in other evenaged pine stands (Río and Montero, 2001; Diéguez-Aranda et al., 2006; Castedo-Dorado et al., 2007) . The inclusion of the disaggregation system in the yield model allowed us to estimate the stand structure at each stand stage, as well as to improve the thinning simulation in the silviculture scenarios.
Silviculture scenarios for LD and HD Pinus pinea forests in north-east Spain
Two management alternatives were developed for low and high density forests. Low density forests (LD) are characterized by a smaller density of trees along the species rotation, but they have higher diameters with larger crowns and more potential for fruit production. High density forests (HD) have a higher density of trees and not so well-developed crowns as in LD forests, but present good aptitudes for timber production. The total wood production per hectare in this type is greater, although in both types timber and fruit production can be compatible. «Observed silviculture» scenarios simulate the volume removed along the species rotation and total production of actual managed forests. The «reference silviculture» scenario has been drawn up as an alternative to the «observed management». Montero et al. (2008) , present three «observed silviculture» scenarios for Pinus pinea in Spain: they correspond to three different levels of management intensity (intensive, medium and moderate silviculture). LD forests observed in Catalonia are similar to the medium silviculture scenario, but HD stands in this region display greater densities than in the moderate silviculture scenario.
The v e /v coefficients calculated to characterize the thinning type increase with age, since the application of thinning from below narrows the diameter distribution range. In the same way, the «reference silviculture» scenario for both types presents greater coefficients than the «observed silviculture» scenario. In dense stands there is usually a greater tree social differentiation with more presence of dominated trees, which Río (1999) for Pinus sylvestris at the same ages. Also, for the LD type, the coeff icients agree with those reported by Baroni (1973) or Castellani (1989) for Pinus pinea. Whereas the «observed silviculture» scenarios characterize the typical Pinus pinea stands in this region, with fairly elevated densities in both LD and HD stands at young ages, the «reference silviculture» proposes lower densities from young ages with the aim of accelerating the diameter growth of trees, providing better tree dimensions at rotation age. In this sense, we propose some general silvicultural guidelines for managing Pinus pinea, based on the yield tables:
-Regeneration by uniform-shelterwood or clearcutting in patches or strips at ages 70 to 100, depending on site index (site index 21 and 13, respectively).
-Perform early and heavy thinning from below, not later than year 15. Abbreviations as in Table 9 .
-Moderate thinnings, even of dominant trees, every 10-15 years, depending on site index, up to year 40-60 (3-4 thinnings in total along the rotation).
-Pruning only in best sites for increasing timber quality or in case of high fire risk (1-2 prunings, coinciding with first thinnings).
-Cleaning mainly in case of high fire risk, coinciding with first two thinnings. Cleaning can be selective and it is also recommended at time of stand regeneration or pine nut harvesting.
Hence with this management approach, although the total timber production is lower, we obtain trees of greater size and higher value, for both timber and fruit production. Many authors have confirmed the positive relationship between the size of the trees and their timber value and fruit production (Montero and Candela, 1998; García Güemes, 1999; Cañadas, 2000; Calama and Montero, 2007) . In addition, when other functions of the forest are considered, such as landscape, recreation, protection or prevention of forest fires, the «reference silviculture» also offers an improvement to stone pine forest through the constitution of welldeveloped, stable trees with large crowns and stems. The models obtained for Pinus pinea in Catalonia are a first approach to the knowledge of the growth and productive value of these forests and a basis to guide their management. It would be of interest to include in the future the fruit production in the yield tables and to remeasure the plots with the aim to explore the possibility of designing a dynamic growth model allowing a closer simulation of different silvicultural treatments. M. Pique-Nicolau et al. / Forest Systems (2011) 20 (1) 
